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2-1.  Gross  Description  of  Zuckarwan's  Observations  on  Lung  Blast 
Injuries  . . . . . . . 
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i.  umaoopcnow 


A  major  objective  of  the  Blest  Overpressure  (BOP)  program  Is  to  under- 
stsnd  blest  Injury*  This  includes  the  Injury  mechanisms,  theories  of  tissue 
failure,  determination  of  tissue  failure  strength,  end  prevention.  With  finite 
element  model  simulation,  for  a  given  blast  wave  loading,  we  are  able  to 
predict  the  lntrathoradc  overpressure  histories  at  various  points  in  the  lung 
(13].  Questions  arising  are: 

•  What  insightful  information  does  the  andel  prediction  provide  on  the 
origin  of  injury? 

e  How  do  we  correlate  the  actual  blast  i  tjury  with  the  local  over¬ 
pressure  predictions? 

This  report  documents  our  efforts  toward  these  objectives.  A  review  of 
lung  trauma  following  blast  wave  expoaure  and  impact  is  made  in  Section  2.  It 
provides  a  summary  of  lung  Injury  descriptions  in  both  macroscopic  and  micro¬ 
scopic  terms.  With  this  background,  we  then  look  at  the  model  simulation  of 
wave  dynamics  in  the  lung,  identify  wave  propagation  characteristics.  A  com¬ 
parison  between  lung  hemorrhage  and  model  overpressure  prediction  is  made. 

Typical  patterns  of  lung  blast  Injury  are  that  (1)  Injury  often  starts  to 
occur  at  the  superficial  layer  of  the  pleura,  (2)  injuries  are  often  seen  as 
“rib-marking."  Section  3  presents  a  local  model  to  look  into  the  pleural 
surface  wave  dynamics.  Larger  inertial  force  of  the  bony  rib  can  result  in 
local  indentation  on  the  lung  parenchyma  at  the  pleural  surface  of  the  impact 
side.  Due  to  wave  reflection  from  the  relatively  solid  wall  of  chest,  lung 
parenchyma  at  the  pleural  surface  can  experience  higher  overpressure  compared 
to  an  interior  point.  At  the  pleural  surface,  parenchyma  next  to  a  bony  rib 
can  experience  even  higher  overpressure  compared  to  that  next  to  Intercostal 
muscle  because  of  more  effective  wave  reflection. 
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2.  A  REVIEW  or  LONG  TIADNA  FOLLOWING  BUST  WAVE  KZPOSDIK  AMD  impact 


A  body  Is  under  mechanical  stress  when  It  is  exposed  to  external  aechanl- 
cal  loading.  For  a  living  biological  body  various  physiological  functions  can 
also  be  disturbed  or  damaged  if  the  induced  mechanical  stress  is  beyond  the 
sustaining  tolerance  of  the  tissue.  Since  the  Second  World  War  there  have  been 
various  studies,  clinical  and  experimental,  in  an  effort  to  understand  differ¬ 
ent  aspects  of  blast  injuries;  e.g.,  mechanism,  lethality,  diagnosis,  treat¬ 
ment,  prevention,  and  establishment  of  DRC  under  different  blast  environments. 
Systematic  studies  have  been  done  by  Zuckerman  in  Great  Britain,  ftesaga  in 
Germany,  Clemedson  and  Jbnsson  in  Sweden,  and  the  group  at  the  Lovelace 
Foundation  of  the  United  States,  all  aimed  at  the  goal  of  understanding  blast 
injuries. 

In  addition,  the  automobile  industry  expends  effort  in  studying  impact 
injury  relating  to  the  crashworthiness  of  vehicles.  There  are  also  several 
pathological  case  reports  about  human  body  free-fall  into  water  following  a 
suicide  jump.  Injuries  or  damage  from  these  other  trauma  may  be  relevant  to 
blast  injuries.  The  purpose  of  this  section  is  to  summarise  information  gath¬ 
ered  from  a  literature  search  on  the  lung  trauma  following  blast  waves  or 
impact  loading.  The  photos  in  this  section  are  reproduced  from  the  quoted 
references. 

2.1  GftOSS  DESCRIPTION  OP  LUNG  DAMAGE 

Blast  injuries  without  clear  body  surface  wounds  have  been  found  to  occur 
mostly  in  air-containing  organs  and  usually  showing  blood-stained  froth  in  the 
mouth,  nose,  and  upper  respiratory  passages  [11].  Common  causes  of  death  are 
associated  with  the  formation  of  air  or  fibrous  emboli  that  are  believed  to 
originate  in  the  lung.  Rupture  of  the  visceral  pleura,  formation  of  pneumo¬ 
thorax,  hemothorax,  gross  hemorrhage,  and  pulmonary  edema  are  commonly  used  as 
gross  descriptions  of  lung  trauma. 

Zuckerman's  observation  of  lung  damage  after  animal  postmortem  studies 
are  summarised  in  Table  2-1. 
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Table  2-1.  Gross  Description  of  Zuckerman's  Observations  [11]  on  Lung  Blast  Injuries 
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Most  severe  Rupture  of  visceral  pleura,  superficial 

laceration  along  the  lines  of  the  ribs. 
Occurrence  of  hemothorax  and  pneumo- 


Figure  2-2.  Lungs  of  a  nonkey  exposed  to  blast, 
showing  more  extensive  area  of 
hemorrhage  [11]* 


Figure  2-3.  Very  severe  hemorrhages  throughout 
the  lungs  of  a  rabbit  exposed  to 
blast  [11]. 


Figure  2-4.  Section  through  lung  of  a  cat  exposed 
to  blast,  showing  extent  of  a  zone  of 
hemorrhage  (11]. 


Zuckerman  also  noted  the  most  vulnerable  regions  to  be 

1.  The  anterior  and  inferior  borders, 

2.  The  costal  surface,  especially  the  side  closest  to  the  explosion 
(Fig.  2-5), 

3.  The  mediastinal  surface  of  the  lung. 

J'dnsson  et  al.  [4]  observed  two  types  of  impact  Injury  depending  on  the 
magnitude  and  the  rate  of  chest  wall  deformation  from  side  Impact  experiments 
using  rabbits.  For  velocities  below  5  m/s  with  50Z  chest  wall  deflection  they 
observed  lung  tearing  without  significant  hemorrhage.  For  velocities  exceeding 
10  m/s,  however,  severe  hemorrhage  was  seen  even  when  the  chest  wall 
deflection  was  less  than  15Z.  The  second  type  of  injury  is  considered  to  be 
similar  to  that  due  to  blast  exposure.  Lau  et  al.  [5)  confirmed  the  observa¬ 
tion  with  rabbit  sternal  impact  experiments.  They  described  the  first  type 
damage  as  contusion  of  the  bronchial  region  and  the  second  type  Injury  as 
contusion  at  both  bronchial  and  aveolar  regions. 

Apparently,  the  first  type  injury,  which  is  similar  to  the  damage  from 
quasi-static  loading,  is  due  to  the  great  body  deformation  associated  with 
large  inward  chest  wall  displacement.  The  second  type  injury,  which  is  similar 
to  the  damage  from  high-strain-rate  loading,  is  due  to  the  propagation  of 
stress  waves  characterized  by  the  transient  chest  wall  velocity.  This  has  led 
to  the  suggestion  that  the  chest  wall  velocity  is  a  critical  parameter  in  lung 
injury  of  this  type. 

2.2  MICROSCOPIC  DESCRIPTION  07  LUNG  DAMAGE 

The  microscopic  changes  observed  at  the  alveolar  level  when  hemorrhage 
and  edema  occur  are  summarized  below. 

Zuckerman  described  that: 

1.  Capillary  dilation  occurred  with  exudation  of  fluid  into  many 
alveoli, 

2.  In  severe  cases  with  disrupted  alveolar  wall  and  torn  capillaries, 
red  cells  appeared  in  the  alveoli,  small  bronchioles,  and  intersti¬ 
tial  hemorrhage  occurred  (Figs.  2-6  and  2-7), 

3.  In  very  severe  cases,  larger  bronchioles  were  filled  with  blood. 
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Figure  2-5.  Lungs  of  «  rabbit  exposed  close  to  the 
explosion  of  oxygen  and  hydrogen  In  a 
balloon.  The  hemorrhages  are  confined 
to  the  side  closest  to  the  explosion  [11]. 


Webster  et  el*  [10]  performed  pathology  studies  on  traumatised  lungs, 
Including  blast  Injured  lungs.  He  described  one  or  all  of  the  following 
changes  to  lung  parenchyma  after  trauma : 

1*  The  lower  respiratory  tract  Is  filled  with  edematous  fluid* 

2.  Hemorrhage,  In  which  the  alveolar  spaces  are  filled  with  red  cells. 

3.  Desquamative  alveolitis.  In  which  the  alveolar  epithelial  cells 
become  swollen  following  basement  membrane  edema  in  the  alveolar 
wall*  The  swollen  alveolar  epithelial  cells  are  then  shed  Into 
alveolar  spaces  (Pig.  2-8). 

With  electron  microscopy  he  demonstrated  the  granularity  of  the  endothe¬ 
lial  cell  with  widening  canals  between  the  endothelial  cells  (Fig.  2-9).  The 
plasma  may  then  pass  Into  the  basement  membrane  and  eventually  Into  the  alve¬ 
olar  spaces  (Fig.  2-10).  Following  the  edema  of  basement  membrane,  degenera¬ 
tive  changes  develop  at  epithelial  cells  resulting  In  swelling  of  these  cells 
and  subsequent  desquamation  which  may  be  such  as  to  fill  the  alveolar  spaces. 

Therefore,  the  integrity  of  the  pulmonary  structure  and  function,  e.g., 
gas  exchanges,  biochemical  equilibrium,  surfactant  secretion  and  elasticity  of 
the  alveolar  wall,  are  damaged  or  disturbed.  The  last  two  changes  can  probably 
explain,  at  least  In  part,  the  reduction  of  lung  compliance  of  rabbit  lungs 
following  air  blast  exposures  [1]. 
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Figure  2-8 « 


Section  of  lung  one  week  after  trauma  showing  the 
desquamation  of  the  alveolar  epithelial  cells  (200*) 
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Figure  2-9.  Ultreetructure  of  the  capillsry  endothelium  showing 
the  gas  transfer  vesicles  and  Intercellular  canal 
(54,000x;  Inset  14,000x). 


Legend:  CAP,  capillary;  END,  endothelial  cell;  V,  vesicles; 
ALV,  alveolar  space  [10]. 
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figure  2-10.  Oltranfructure  of  the  alveolar  aall  (SA.GOO*)* 


Legend : 


CAP,  capillary;  END,  endothelial  cel?;  BN,  baseaent 
aeabrane;  EP,  alveolar  epithelium;  AL,  alveolar  lining 
The  baseaent  aeabrane  la  edeaatous  and  the  endothelial 
and  epithelial  cells  are  aore  granular  than  usual.  The 
osaophlllc  and  non-osaophilic  layers  of  Cm  alveolar 
lining  are  *hcvn  l 10]. 


ANALYSIS  V  MYK  DYNAMICS  OS 


Various  clinical  and  experimental  blast  Injury  studlaa  claarly  daaon- 
strate  th*t  lung  hemorrhage  tands  to  first  appaar  at  certain  locations  with 
certain  characteristic  patterns*  The  superficial  layer  of  the  pleural  surface* 
especially  the  lapact  side*  and  that  bordering  the  heart  are  identified  aa  the 
regions  aost  likely  to  have  gross  heaorrhage*  The  “rib  marking"  type  heaor- 
rhage  la  a  characteristic  pattern.  The  injury  observation  Indicates  that 
different  parts  of  the  lung  experience  different  local  loadings  during  the 
blast  Incidence*  and  wave  dynaalcs  aay  play  an  laportant  role  In  the  foraation 
of  daaages. 

A  two-dlaenalonal  finite  eleaent  aodel  has  been  constructed  to  slaulate 
the  blast  exposure  of  a  sheep  [13]*  This  aodel  deaonstrataa  the  wave  propaga¬ 
tion  characteristics  Inside  the  thorax  during  blast  exposure.  It  predicts  that 
tissues  at  different  parts  of  the  lung  experience  different  wave  loading 
histories  to  result  in  different  local  stress  histories.  The  coaplex  anatomi¬ 
cal  environments*  geometric  shapes,  material  properties,  and  body  orientation 
to  the  direction  of  the  Incident  wave  can  all  complicate  the  wave  dynaalcs  to 
result  In  different  loading  histories  inside  the  thorax. 

The  aajor  contribution  of  a  biomechanical  aodel  is*  of  course*  to  exhibit 
the  underlying  principles  of  mechanics  which  would  otherwise  be  difficult  to 
see  from  experiments.  Limitations  on  experimental  instruments  and  techniques 
can  often  restrict  the  availability  of  response  data.  Most  of  the  past  work 
was  done  under  the  assumption  that  unifora  overpressure  occurs  In  the  lungs 
during  blast  exposure  and  It  can  be  measured  by  esophageal  pressure  probes. 
Examination  of  Injury  patterns,  certainly*  does  not  support  this  concept.  With 
the  2-D  finite  eleaent  aodel  we  can  reasonably  predict  the  esophageal  pressure 
measurements  under  various  loading  conditions  [13].  We  can  also  exhibit  the 
wave  propagation  characteristics  as  well  as  the  different  local  overpressure 
distribution  inside  the  thorax. 

Understanding  of  tissue  failure  mechanisms  under  blast  wave  requires 
correlations  between  aodel  prediction  of  tissue  response  and  the  actual  damage 
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observation  %  The  rest  of  this  report  suanarlses  our  efforts  toward  this  goal 
Various  coaparisons  are  made  on  a  qualitative  basis. 


3.1  SIMULATION  OT  MATS  PtOFACATION  H  IB  LDMC 

In  the  following,  we  shall  see  the  wavs  propagation  in  the  lung  as  the 
2-D  FEM  aodel  is  exposed  to  a  blast  wave  of  AS  pal  peak  pressure  and  1  as 
duration.  The  analysis  is  carried  out  for  30  as  since  the  experiaental 
esophageal  pressure  aeasureaent  diminishes  after  20  as.  At  a  given  time  step, 
distribution  of  lung  overpressure  will  be  shown.  Different  degrees  of  local 
overpressure  inside  the  chest  cavity  is  represented  by  different  colore. 
Evolution  of  color  contour  lines  is,  therefore,  an  indication  of  wave  notion 
as  time  Increases.  The  alrblast  coaes  froa  the  right  side  of  the  sheep.  The 
anterior  and  posterior  sides  of  the  aodel  correspond  to  the  low  and  upper 
edges  of  the  page,  respectively  (see  Fig.  3-1). 

For  clarity  the  overpressure  is  shown  for  the  lung  with  the  rest  of  the 
organs  removed.  Clinical  studies  and  animal  blast  experiments  Indicate  that, 
in  addition  to  the  chest  wall  pleural,  the  pleural  region  near  the  heart  can 
be  Injured  easily.  In  the  current  analysis  it  corresponds  to  the  concave 
region  of  the  subplots.  Following  the  onset  of  blast  arrival  the  right  body 
surface,  the  sequences  of  wave  propagation  is  summarized  in  the  following 
(Fig.  3-2): 

1.  At  1.00  ms,  the  incident  wave  starts  penetrating  Into  the  right  side 
of  the  lung. 

2.  At  1.25  ms,  we  can  see  further  progression  of  the  Incident  wave  front 
entering  from  the  right  side.  The  left  side  of  the  lung  is  now  also 
under  the  incident  compression  wave  entering  from  the  left  side  of 
the  body  surface. 

3.  At  1.75  and  2.00  ms,  high  compression  starts  to  be  seen  at  the  right 
pleural  surface.  Because  of  wave  reflection  from  the  body  surface, 
the  actual  blast  pressure  exerting  on  the  right  body  surface  is  twice 
of  the  free  field  value.  In  other  words,  a  larger  compression  is 
delivered  to  the  right  pleural  surface.  Lung  tissues  at  the  superfi¬ 
cial  region  are  exposed  to  the  "less  filtered"  or  larger  pressure 
loading  than  those  at  the  interior. 

A.  From  2.0  through  2.75  ms,  high  compression  is  seen  at  the  lower 
corners  as  well  as  the  lung  near  the  heart.  The  wave  is  reflected 
from  the  relatively  solid  wall  of  the  heart,  resulting  in  higher 
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pressure  at  the  near  myocardium  wall*  This  local  pressure  increase  is 
due  to  wave  reflection. 


5.  As  time  goes  by,  compression  waves  entering  from  diffi  r^nt  parts  of 
the  body  surface  progress  further  to  the  center.  At  3.75  through  4.0 
ms  they  start  merging  at  a  region  approximately  the  geometric  center 
due  to  a  focusing  effect. 

6.  After  passing  each  other,  the  wave  fronts  radiate  away  from  the  focal 
region*  At  time  5.25  through  5.5  ms,  the  stronger  wave  coming  from 
the  right  side  now  reaches  the  left  pleural  surface.  Reflection  from 
the  chest  wall  results  in  an  overpressure  increase  at  the  left 
pleural  surface.  This  does  not  occur  at  the  other  side,  since  waves 
coming  from  the  left  body  surface  are  not  as  strong  as  those  from  the 
right,  impact  side. 

7.  Following  this,  the  whole  lung  enters  a  tension  phase.  At  9.0  ms,  we 
are  able  to  see  the  gradual  progression  of  the  recoiled  tension  wave 
inside  the  lung.  With  the  complicated  geometry  of  the  thoracic 
cavity,  the  wave  motion  in  the  lung  becomes  very  complex. 

8.  At  time  11.50-12.50  ms,  the  greatest  magnitude  of  the  tension  wave 
occurs  at  the  border  near  the  pleural  surface  and  the  heart  due  to 
wave  reflections  from  the  "solid  wall". 

9.  From  12.75-14.50  ms,  the  rebounded  tension  waves  again  merge  at  the 
region  near  the  geometric  focal  point  of  the  lung  to  result  in  a  high 
tension.  The  relatively  high  tension  at  the  border  near  the  heart  is 
probably  due  to  the  secondary  reflection  in  addition  to  the  component 
summed  from  the  focusing  effect. 

10.  Following  14.50  ms,  the  non-uniform  oscillation  of  the  waves  contin¬ 
ues  with  diminishing  amplitudes.  The  analysis  is  extended  up  to  30.25 
ms. 


Wave  speed  in  the  lung  has  been  measured  to  be  in  the  range  of  20-30 
m/sec,  which  is  much  lower  than  the  wave  speeds  in  the  skeletal  muscle  (1500 
m/sec)  and  the  bone  (3000  m/sec)  [3].  The  low  speed  that  waves  travel  in  the 
lung  lobes  makes  wave  dynamics  an  important  factor  in  causing  damage.  The 
complex  environment  of  the  thoracic  cavity  makes  the  wave  motion  inside  the 
lung  and  its  associated  damage  mechanisms  complicated. 

3.2  COMPARISON  OF  LONG  INJURY  AMD  MODEL  OVERPRESSURE  PREDICTION 

A  comparison  of  FEM  model  ITP  predictions,  esophageal  pressure  measure¬ 
ments,  and  lung  injury  borderlines  are  shown  on  Figure  3-3(a)  and  (b).  In 
terms  of  external  peak  blast  overpressure,  the  maximum  of  model  ITP 


predictions  are  compared  with  experimental  measured  values  [see  Fig.3-3(a)]. 
The  borderline  for  lung  injury  is  identified  as  17  psi.  As  the  external  peak 
blast  is  more  than  41  psi,  severe  lung  injury  is  reported  [14] •  Figure  3-3(b) 
shows  simr',ar  comparison  on  the  maximum  of  1TP  Increasing  rate.  These  types  of 
comparison  provide  us  with  first  step  correlation  among  external  blast,  animal 
response,  and  the  resulting  damage  parameters. 

With  the  finite  element  transient  analysis  we  are  able  to  capture  the 
Important  wave  features:  focusing  and  reflection.  It  enables  us  to  identify 
the  occurrence  of  the  high  stress  concentration  in  terras  of  timing  and  loca¬ 
tion.  These  regions  are  seen  to  correspond  to,  qualitatively,  sites  of  ob¬ 
served  lung  hemorrhage  following  animal  blast  exposure. 

Photographs  (Fig.  3-4)  taken  from  WRAIR  sheep  blast  experiments  were 
provided  by  Dr.  Kenneth  Dodd.  Traumatized  lungs  were  carefully  removed  from 
the  animal  after  blast  exposure  for  injury  examination.  These  photographs  show 
different  degrees  of  lung  injury  due  to  blast  wave  exposure.  On  the  top  row, 
the  animal  was  exposed  to  an  alrblast  of  65  psi  peak  pressure.  On  the  lower 
row,  the  sheep  was  exposed  to  an  airblast  of  50  psi  peak  pressure.  Ventral  and 
dorsal  views  are  shown  at  the  left  and  the  right,  respectively.  Both  cases 
show  extensive  areas  of  confluent  hemorrhage  on  the  intercostal  surfaces.  Some 
portions  show  the  "rib  marking"  characterized  by  the  dark  red  strips  which 
extend  deep  into  parenchyma  from  the  surface.  Serious  hemorrhage  is  also  seen 
at  the  lung  pleuras  bordering  the  heart.  Ecchymotic  spots  are  seen  to  scatter 
the  rest  of  the  lung  surfaces. 

Figure  3-5  shows  maps  of  the  maximal  compression  and  tension  any  point  In 
the  lung  experiences  during  the  transient  analysis.  It  appears  that  high 
compression  occurs  at  the  chest  wave  impact  side.  The  narrow  pleural  region 
between  the  heart  and  the  chest  pleural  surface  also  experiences  very  high 
compression.  This  is  due  to  summation  of  the  incident  compression  wave  and  the 
reflected  component  from  the  "firm  organ"  of  heart.  Similar  high  compression 
also  occurs  at  the  other  side  of  the  heart  but  not  as  seriously  since  the 
Impact  wave  is  not  as  strong  as  that  at  the  right  side.  High  compression  at 
the  geometric  focal  point  is  due  to  wave  focusing  effect.  The  high  compression 
right  above  the  heart  can  be  due  to  the  reflection  and  focusing  effects. 
Distribution  of  maximum  tension  shows  high  tension  occurs  at  the  region  near 
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Figure  3-3.  Iso-impulse  study  comparison  of  the  FEM  model  prediction  with 
WRAIR  experimental  results. 


Figure  3-5.  Maps  of  maxima  compression  and  tension  in  the  lung  during 
the  blast  exposure  of  Figure  3-2. 


Che  focal  point,  especially  the  part  right  above  the  heart*  High  tension  Is 
also  predicted  at  the  chest  pleural  surface  of  the  wave  Impact  side  as  well  as 
the  other  side. 

Comparison  between  traumatized  lungs  and  model  overpressure  predictions 
shows  that  the  chest  pleural  surface  and  the  pleuras  bordering  the  heart  are 
the  areas  subject  to  most  extensive  hemorrhage  and  the  highest  overpressure 
loadings.  The  comparison  is  qualitative,  yet  it  demonstrates  the  linkage 
between  Injury  and  local  overpressure  loadings. 

Whether  the  lung  damage  of  hemorrhage  and  edema,  which  mostly  develop  at 
a  later  time,  are  caused  by  the  over-tension  or  overcompression  Is  still  a 
question  needing  more  Investigation.  It  can  be  achieved  by  spatial  refinement 
of  the  model. 

3.3  A  LOCAL  MODEL  Of  THE  PLEtJIAL  SURFACE  HAVE  DTMAM1CS 

Various  experimental  blast  trauma  studies  Indicate  that  hemorrhage  usual¬ 
ly  starts  at  the  superficial  layer  of  the  lun  *  on  the  Impact  side.  The  term 
"rib  marking"  Is  commonly  used  to  describe  this  type  of  hemorrhage.  Zuckerman 
describes  "spot  of  hemorrhage  on  lung  surface,  often  following  the  lines  of 
the  ribs."  For  severe  cases  he  describes,  "rupture  of  visceral  pleura,  super¬ 
ficial  lacer*-'  Ion  along  the  lines  of  the  ribs,  occurrence  of  hemothorax  and 
pneumothorax.  The  bony  rib  and  intercostal  muscle  appear  to  provide  different 
environments  for  the  bordering  lung  tissue  during  blast.  The  lung  tissue 
underneath  the  rib  and  the  lung  tissue  underneath  the  intercostal  muscle  may 
experiences  different  pressures  at  wave  reflection. 

In  order  to  better  understand  this  fundamental  phenomenon  and  its  asso¬ 
ciated  damage  mechanism,  an  idealized  local  model  of  the  pleural  surface  is 
used.  The  me-  cor,  s  of  a  rib-muscle-lung  structure. 

The  purpose  of  this  model  is  to  study  the  wave  propagation  characteris¬ 
tics  at  the  chest  pleural  surface  where  materials  of  different  mechanical 
impedance  meet.  As  o  • ■ * jned  earlier,  the  low  speed  wave  travels  in  the  lung 
lobes  compared  to  o3  in  muscle  and  bone,  making  wave  transmission  and 
reflection  across  the  material  interface  an  Important  factor  in  causing 
damage. 
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Two  cases  will  be  studied  with  this  model.  In  the  first  case,  the  nodel 
Is  used  to  study  the  lung  overpressure  difference  due  to  the  presence  of  rib 
bone  and  Intercostal  muscle  at  the  Impact  side*  In  the  second  case,  the  model 
is  used  to  study  the  wave  reflection  characteristics  from  the  pleural  surface 
and  Its  difference  from  the  rib  bone  and  intercostal  muscle* 

Case  1.  The  geometrical  configuration  of  the  model  Is  shown  at  the 
center  of  Figure  3-6(a).  Each  of  the  small  squares  is  a  finite  element  In  the 
model  representation*  The  dimension  of  each  element  are  one  centimeter  on  a 
side.  At  the  right  end,  the  six  black  color  elements  represent  the  bony  rib* 
The  six  elements  right  below  the  bone  represent  the  Intercostal  muscle.  At  the 
far  right,  there  Is  a  layer  of  skeletal  muscle.  The  rest  of  the  elements  with 
dot  pattern  represent  the  lung. 

The  wave  loading  Is  applied  at  the  right  end  surface  uniformly.  The  time 
variation  of  the  pressure  loading  Is  shown  In  the  subplot  at  the  top  of  the 
center  column.  The  loading  has  a  peak  pressure  of  5  psl  and  a  duration  of  4.5 
ms.  Following  the  application  of  compression  at  the  right  end,  Che  wave  propa¬ 
gates  toward  the  lef t_  As  indicated  by  arrows,  each  subplot  depicts  the 
pressure  histories  experienced  by  the  local  "lung  tissue"  (In  the  sense  of  a 
homogeneous  continuum).  At  the  right  column  of  Figure  3~6(a)  each  of  the 
subplots  represents  the  overpressure  responses  at  the  pleural  surface.  It  Is 
seen  that  the  lung  parenchyma  bordering  the  bone  experiences  higher  over¬ 
pressure  response  than  that  bordering  the  Intercostal.  For  comparison  these 
four  curves  are  overlaid  as  shown  in  Figure  3-6(b).  This  type  of  response 
difference  Is  not  seen  at  Interior  points  as  shown  on  the  four  subplots  at  the 
left  column  of  Figure  3-6(a).  At  the  superficial  layer  the  lung  parenchyma 
bordering  the  bone  is  under  more  vigorous  compression  under  wave  Incidence 
because  of  larger  inertia  of  the  bone.  In  response  to  blast  waves,  with  the 
relatively  high  bulk  moduli  and  incompressibility  compared  with  the  lung,  the 
rib  and  muscle  can  be  set  Into  rigid  body  motion  and  move  into  the  lung.  The 
density  of  bone  Is  reported  to  be  from  2-2.9  gm/cm  [12],  and  the  densities  of 
muscle  and  lung  parenchyma  of  large  animals  are  approximately  1  and  0.2 
gm/cm  ,  respectively.  Because  of  its  greater  inertia,  the  bone  is  harder  to 
set  into  motion,  but  It  will  retain  that  motion  and  make  a  more  effective 
Indentation  into  the  bordering  lung  parenchyma.  This  leads  to  a  possible 
explanation  of  the  rib  markings  observed  by  experimentalists  and  clinicians. 
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(a)  Distribution  of  overpressure  responses 
an  Idealised  bone-muscle-lung  model 

Figure  3-6*  Overpressure  responses. 
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Coe  2.  The  wave  reflection  characterlstlca  fro*  the  chest  pleural 
surface  are  studied.  This  analysis  demonstrates  the  important  wave  reflection 
from  a  relatively  solid  wall  and  the  non-uniform  reflection  from  a  rib  bone 
and  Intercostal  muscle.  The  model  is  shown  at  the  center  of  Figure  3-7.  The 
bone  and  the  intercostal  are  each  represented  by  two  elements  at  the  left  end. 
The  wave,  which  is  already  traveling  in  the  lung  region,  approaches  the 
pleural  surface  from  the  right.  A  Fre lander  type  waveform  is  assumed  (see  the 
center  top  of  Fig.  3-7). 

Due  to  wave  reflection  from  the  relatively  solid  boundary,  the  lung 
tissue  near  the  pleura  is  under  Increased  stress  magnitude.  For  a  perfectly 
rigid  boundary  constraint,  doubling  effect  should  occur.  The  depth  of  the  lung 
tissue  layer  under  the  Increased  stress  magnitude  depends  on  the  frequency 
contents  and  the  wave  length  of  the  incident  wave.  For  a  sharp-rising  Incident 
wave,  a  very  acute  stress  Increase  could  occur  at  the  region  close  to  the 
pleura.  It  is  also  noted  that  this  local  stress  increase  due  to  wave  reflec¬ 
tion  occurs  not  only  for  the  first  incident  compression  wave,  but  also  for  the 
later  rebounding  waves. 

For  the  given  wave  disturbance  at  the  right  end  of  the  model,  the  over¬ 
pressure  responses  at  different  points  along  the  wave  path  are  shown  at  sub¬ 
plots  of  Figure  3-7  as  indicated.  Different  points  along  the  wave  path 
experience  different  overpressure  histories.  The  closer  to  the  firm  wall  the 
stronger  the  reflection  occurs.  Figure  3-8  shows  the  pressure  differences  at 
the  pleural  surface  along  the  directions  normal  to  the  wave  path.  The  four 
subplots  at  the  left  column  show  a  pronounced  stress  Increase  at  the  layer 
immediately  adjacent  to  the  solid  material.  However,  the  lung  tissue  under¬ 
neath  the  bone  is  predicted  to  experience  a  higher  amplitude  than  that  under¬ 
neath  the  muscle.  This  is  because  the  bone  provides  a  more  rigid  constraint  to 
the  lung  than  the  muscle  does.  Therefore,  the  stress  increase  due  to  the  wave 
reflection  is  more  effective  at  the  lung  right  next  to  the  bone.  The  more 
effective  reflection  at  the  lung  adjacent  to  the  bone  occurs  not  only  for  the 
first  Incident  wave  but  also  for  the  rebounding  waves  arriving  at  a  latter 
time.  The  stress  increase  due  to  wave  reflection  from  a  relatively  rigid  wall 
can  further  be  enhanced  for  an  inward-moving  boundary  wall. 
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The  four  subplots  at  the  right  column  of  Figure  3-8,  however,  show 
similar  pressure  histories  for  the  four  elements  far  away  from  the  pleura. 
This  analysis  demonstrates  that  the  chest  wall  provides  relatively  solid  wall 
to  the  lung  in  the  thoracic  cavity.  Wave  reflection  from  such  a  wall  results 
in  higher  local  stress  at  the  superficial  layer.  At  the  border  the  bone 
provides  a  more  effective  solid  wall  than  the  muscle  to  result  in  a  higher 
local  overpressure.  This  also  leads  to  a  possible  explanation  of  the  origin  of 
lung  Injury.  It  is  consistent  with  the  observation  that  (1)  Injury  Is  always 
first  seen  from  pleural  surfaces,  (2)  the  rib-marking  type  injury. 
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